Introduction
[2] The interplanetary magnetic field (IMF) interacts with the Earth's dayside magnetic field through magnetic reconnection. The solar wind drags the reconnected field lines from the dayside to the nightside, stretches the field lines, and stores the energy in the form of magnetic tension. The stored energy is released when the ''open'' magnetic field lines reconnect again to form closed field lines, which return toward the Earth [e.g., Dungey, 1961] . The convection in the lobe is tightly connected to the dayside reconnection, which is naturally controlled by the solar wind condition.
[3] How the steady state magnetospheric lobes are formed and sustained is fundamental to understand the Sun-Earth connection. The plasma density in the near-Earth lobe is less than $0.01/cc, which makes the observations of lobe convection by particle detectors difficult. Therefore there are only a few reports on measurements of the tail lobe convection velocity in the near-Earth region. Mukai et al. [1998] , using the low energy particle detector (LEP) onboard GEOTAIL reported a convection speed of 30-40 km/s before the passage of the plasmoid in the distant tail lobe, with an enhancement of the velocity observed after the plasmoid passage. Taguchi et al. [1998] showed events with an enhancement of the Z component of the velocity to about 100 km/s in the near-Earth lobe at X = À21 R E (Earth's radii) by using the same instrument. These events were accompanied by substorm onsets. They extended their work to a statistical study [Taguchi et al., 2001] and gave observational evidence of reconnection of lobe field lines at the near-Earth reconnection line.
[4] A number of studies have reported on the IMF influence in the lobe, especially related to the effect of IMF Y component. For example, Gosling et al. [1985] found density asymmetries in the north-south and dawndusk distant tail lobes by using ISEE 3 fast plasma experiment data and concluded that the density asymmetry comes from the asymmetry of the dayside reconnection location due to the polarity of the IMF Y components. Cold O + beams which may be supplied from the ionosphere are confined in these high density (''loaded'') quadrants and the occurrence depends on the IMF Y components [Seki et al., 1998 ]. In the polar cap, Heppner and Maynard [1987] studied the electric field data by the Dynamic Explorer 2 in this region and modeled the electric field patterns of the polar cap according to the IMF Y condition.
[5] In our report we will show observations of the averaged near-Earth tail lobe convection and its relationship to IMF polarity by using the Electron Drift Instrument (EDI) aboard the Cluster spacecraft. EDI observes the electric field by measuring the drift velocity of artificially emitted electron beams in the plane perpendicular to the JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. A7, 1288 , doi:10.1029 /2002JA009669, 2003 1 Permanently at National Astronomical Observatory of Japan, Mitaka, Tokyo, Japan.
Copyright 2003 by the American Geophysical Union. 0148-0227/03/2002JA009669$09.00 local magnetic field [Paschmann et al., 1997 [Paschmann et al., , 2001 . Earlier studies using the predecessor of this instrument aboard the Geos-2 satellite at synchronous orbit [Baumjohann et al., , 1986 have shown how useful the electron beam technique is for determining the average convection structure. Here, we will show that one can use this technique successfully in more dilute regions of the magnetosphere, like the near-Earth tail lobes.
Observation
[6] The Cluster spacecraft were launched in summer 2000 and put into a polar orbit. They became operational since February 2001 after 5 months' commissioning phase, and they experienced the first tail-passage from July to October 2001 [Escoubet et al., 2001] . They are four satellites with separation ranging from 2000 km to 6000 km in the magnetotail region during this period. The orbit of the Cluster quartet is almost fixed in the inertial frame so that they pass the magnetotail from the dawnside flank to the duskside flank as the Earth's magnetosphere revolves around the Earth once in a year in the inertial frame centered in the Earth.
[7] EDI measures the drift velocity of artificially injected electrons, as described by Paschmann et al. [1997 Paschmann et al. [ , 2001 . Two electron beams, with energies of either 500 or 1000 eV, are emitted perpendicular to the ambient magnetic field, as provided by the on-board flux-gate and search-coil magnetometers, FGM and STAFF. Because the plasma drift induces a displacement of the beams after one gyration in the magnetic field, the electrons return to the detectors only when emitted in one of two precisely defined directions. Those ''target'' directions are determined by sweeping the beams in the plane perpendicular to the magnetic field until the electrons hit the associated detectors. When this has been achieved, it is possible to determine the displacement of the beams and thus the drift velocity, either through triangulation or from the difference in the times of flight of the two beams. This works as long as ambient magnetic and/or electric fields do not vary so rapidly as to make the tracking of the target impossible. The near-Earth tail lobe is a good region for EDI because the fields are relatively stable and the magnetic field strength is large enough for the return beam intensity to be adequate.
[8] In the following analysis we averaged spin resolution data (4-s values) to a 5-min data set for the comparison with ACE solar wind data. We used all the EDI data from 1 July 2001 to 31 October 2001 from three Cluster spacecraft (on Cluster 4 EDI is not operated during that time interval under study).
[9] Figure 1 shows the orbits in GSM coordinates where the EDI data are obtained. In the top panel, orbits are drawn in XZ plane. In the bottom panel the same orbits are drawn in the YZ plane. In each panel the origin is the Earth's position. To select the lobe data, we used the following criteria: À15 X GSM À5 R E , jY GSM j 12 R E , 4 jZ GSM j 12 R E . The criterion for Y GSM is based on the fact that the low-latitude boundary layer is located outside this region. The criterion for Z GSM was chosen to avoid the plasma sheet. We have cross-checked our criteria by inspecting FGM and CIS data from the Cluster Prime Parameter Data Base for all passes included in our data set and found that they work well except for one day, 11 October 2001, when an interplanetary shock hit the magnetosphere and the lowlatitude boundary layer was found just inside Y = 12 R E . These data have been excluded.
[10] We divided the EDI data into four categories based on the IMF clock angles (q = arctan By/Bz): À45 q 45 deg (labeled as +Bz), 45 q 135 deg (+By), 135 q 225 deg (ÀBz), 225 q 315 deg (ÀBy). The origin of the clock angle is the +Z direction and measured counterclockwise in the YZ plane looking toward the Sun from the tail. For the IMF we used the ACE/MAG magnetic field data [Smith et al., 1998 ]. For the comparison with the EDI data we first shifted the time tags of the ACE/MAG data by using ACE/SWEPAM solar wind velocity data [McComas et al., 1998 ] so that the solar wind observation position now corresponds to X = 0. Next we averaged these data into 5-min values to suppress small changes of the IMF Figure 1 . Cluster (1, 2, and 3) orbits in GSM coordinates where EDI data are obtained. The dotted rectangle gives the area where data have been used in this study.
with duration less than 5 min. Then the 5-min averaged EDI data are split into four IMF conditions described above by comparing them with the 5-min IMF data. The total number of data points are 1332, 507, 1018, and 734 for +By, +Bz, ÀBy, and ÀBz, respectively. Considering the Parker spiral whose averaged IMF direction near the Earth is 45 degrees from the radial direction, it is natural that the IMF should be more aligned along +By or ÀBy. We have checked the IMF averages for skewing or bias and found that there is negligible skew in the average IMF clock angles: the average deviation between clock angle and nominal axis ranges between 1 and 16 deg for the different bins, with most of the values in the 5 -10 deg bracket. Where we found bias is the IMF magnitude. Here the averages in the different bins range between 2.7 and 7.7 nT. This has some effect, as will become apparent below. As the amount of data is not so large, we used large spatial bins in which the velocities are averaged. It is especially true for the Y direction, in which a variation of the position can be realized only by the orbit evolution. For obtaining the convection pattern in the XZ plane, we used bins of (X, Z) = (5, 8) R E size within jY GSM j 12 R E . For the YZ plane, we used bins of (Y, Z) = (12, 8) R E size within À15 X GSM À5 R E . These bins are drawn with dotted lines in Figures 2 -5. Average drift velocities in these spatial bins are calculated for each IMF condition. To describe the deviation of the velocity, histograms of the velocity are produced as described later.
[11] Figures 2 -5 show the averaged convection vectors for IMF conditions of +By, +Bz, ÀBy, and ÀBz, respectively. The same axes as in Figure 1 are used for both the top and bottom panels. Only orbits matching the condition are drawn onto the respective figure. The length of the arrows gives the absolute value. Separate tables provide the number of data points, the magnitude, and standard deviations of the velocity, the velocity clock angle and its standard deviation, separately for each bin. [12] We can draw the following conclusions from these figures. First, it is clear that the vectors pointing toward the neutral sheet direction are seen in the top panels of each figure. Second, it is obvious that the flow direction in the YZ plane (bottom panel) changes when we compare data between +By and ÀBy conditions (Figures 2 and 4) . For +By the vectors in all the four quadrants have a shear in a counterclockwise sense in the YZ plane, while for ÀBy shear with a clockwise sense appears. In the north-dawn quadrant for the ÀBy case, the vector has a component slightly different from this sense. We found that this bin is extraordinary in that the average IMF magnitude for this bin is the lowest of all bins (only half of the overall average 5.3 nT). Since the IMF magnitude influences the reconnection rate, this should weaken and rotate the lobe drift in this bin toward a direction representative for northward Bz (as it actually does, weaker and halfway in between the expected dawnward direction for ÀBy and the duskward direction for +Bz). Third, the vectors are directed towards dusk for the negative IMF Bz. As is expected, the velocity becomes larger under southward IMF, because for ÀBz dayside reconnection occurs most efficiently. Also, tail reconnection due to substorm activity will enhance this tendency. In contrast, for the +Bz condition the lengths of vectors are much shorter, and vectors turn toward the center of the YZ plane in all bins.
[13] In order to show the variance of the data, histograms of the Vy and Vz distributions in the southern and dawnside lobe (lower right bin of the lower panel) for +By and ÀBy are shown in Figure 6 as an example. In this figure the horizontal axes show the velocity, and the vertical axes show the number of data samples. Fifteen bins in the velocity range are used. Because we have used 5-min averaged data, the number of data points is small. Each 5-min average contains 75 data points at most (when 4-s data were continuously available during the averaging period). This figure reconfirms that the Y components have a significant difference for the two cases as shown in the SMP averaged vectors. Also we see that the deviation of the velocity is much larger than the averaged values. In the Z component the distribution is shifted to larger velocity for the +By case which causes the larger velocity in the averaged value. The larger drift velocities for the +By cases have again their origin in different IMF magnitudes: the average IMF magnitude for +By is 50% larger than that for ÀBy (6.5 and 4.3 nT, respectively).
Discussion
[14] From our averaged view of the tail lobe drift velocity, we have shown (1) a velocity directed toward the neutral sheet for all IMF conditions, (2) velocity shear in clockwise and counterclockwise sense for ÀBy and +By conditions, respectively, (3) large duskward flows for ÀBz conditions, and (4) small flows toward the central part of the neutral sheet for +Bz conditions.
[15] From the point of view that newly reconnected magnetic flux in the dayside magnetopause is transported tailward and accumulated in the nightside tail lobes [e.g., Dungey, 1961] , it is reasonable that the average convection pattern in the XZ plane has a component toward the neutral sheet under any IMF condition except for +Bz (feature 1). On the other hand, the vectors are also directed toward the neutral sheet for +Bz but with small values. Below, we will discuss this point further.
[16] A significant point in our analysis is the difference of the velocity in the YZ plane under ±By conditions (feature 2). For +By, field lines, which reconnect with the northern part of the geomagnetic field in the dayside region and are subsequently transported to the nightside by the solar wind have a duskward velocity component. This will create a velocity shear in a counterclockwise sense in the nightside. The opposite is true for ÀBy conditions [Gosling et al., 1985] . Hence our results corroborate the polar cap observations of convection by, e.g., Ruohonemi and Baker [1998] and the findings in the deep tail by, for example, Nishida et al. [1998] .
[17] In terms of electric field, clockwise and counterclockwise sense of shear of the flow for the ÀBy and +By conditions correspond to as ÀZ and +Z components of the electric field, respectively. In general, the solar wind induced electric field (E = Àv Â B) is the main component of the electric field in the tail lobe. For +By case for example, the solar wind electric field is directed to +Z for this case. When this electric field is applied to the tail lobe via reconnection, the north lobe, for example, has a duskward component of the drift velocity which appears in our observation. The convection velocity of 10 km/s in the YZ plane in the tail lobe with 30 nT becomes 0.3 mV/m. This value is reasonable when we consider a cross-tail or crosspolar cap potential of 50-100 kV [e.g., Boyle et al., 1997] and the cross-section of the magnetosphere to be $30 R E which give values of 0.2-0.5 mV/m.
[18] An interesting feature for ÀBz is the duskward component of the convection for both the northern and southern lobes. The provisional AE index in these periods shows rather high values (around 500 nT). In active periods the convection pattern in the polar cap in the dawnside cell in the Northern Hemisphere shows duskward turning near midnight. Our observation for ÀBz corresponds to this pattern. The driving force, however, should be in the tail lobe, not in the ionosphere. Up to now authors give no explanations why the duskward components appear. In the Figure 6 . A histogram of the velocities in the south and dawn lobes for +By and ÀBy conditions. The top (bottom) panel shows the comparison between Vy (Vz) under the two conditions, respectively. plasma sheet, westward components of the drift velocity are reported in quiet conditions [Angelopoulos et al., 1993; Hori et al., 2000] . However it is concluded that they were caused by the pressure gradient in this region and it is not the case for the tail lobe where less particles exist. The gradient B drift is included in the drift velocity measured by EDI, but it should not be a main cause because there should be small gradient within the electron gyro radius (3.6 km for 1keV electron beams at 30 nT field) in the tail lobe.
[19] Under +Bz condition the direction of the convection velocity changes toward the center, and the convection becomes slower than in any other condition. When northward IMF dominates, i.e., B z > jB y j, magnetic reconnection is considered to occur in the cusp region. When this occurs, field lines whose both ends are open will move tailward and away from the neutral sheet (''detached'') [see, e.g., Hasegawa et al., 2002] . Field lines which are connected to the Earth (''anchored'') will be stretched tailward and move toward the neutral sheet. That we observe a net weak drift toward the neutral sheet probably indicates that we see more of the latter. We would have to split our data into high and low latitudes to separate these two. This will be possible only in the future when data from more Cluster tail seasons becomes available.
[20] As shown in Figure 6 , the deviation of the histogram is much larger than the averaged velocity for all conditions. This is the same for plasma sheet observations [Angelopoulos et al., 1993; Petrukovich and Yermolaev, 2002] . However, while the high-beta plasma in the plasma sheet may have a turbulent nature [Angelopoulos et al., 1999] , the lobe convection should be much more laminar, if compared with the polar cap convection. The large scatter may be due to several reasons. First, IMF magnitude and direction in a particular bin can still vary (the latter within the predefined 90-degree clock angle bin). Second, the time constant of the magnetospheric response may change depending on the IMF polarity. Third, the ACE data with simple convection delays may not always represent the IMF data at the earth (varying solar wind velocity, oblique shock fronts, etc.). There may also be other reasons, such as flapping of the tail.
Conclusions
[21] In this report we have shown the tail lobe convection in the Earth's magnetosphere by using Cluster/EDI drift velocity measurement. The drift velocities are divided into four categories, +By, ÀBy, +Bz, and ÀBz, according to the IMF direction obtained by the ACE/MAG magnetometer.
[22] We have found (1) convection toward the neutral sheet for all IMF conditions, (2) IMF By control of Vy, (3) duskward components for IMF ÀBz condition, and (4) weak convection for IMF +Bz condition. The point 1 agrees with the conventional lobe convection model. In the point 2 the convection pattern shows shear in a counterclockwise sense for IMF +By condition and in a clockwise sense for ÀBy. These directions can be understood in terms of applying the solar wind electric field through the dayside reconnection. The duskward components in 3 need further investigation. The same is true for aspects of convection under northward IMF. (Tables 1 -4 ). [24] Lou-Chuang Lee thanks Kanako Seki and Toshifumi Mukai for their assistance in evaluating this paper. 
